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INVESTIGATION oF LUBRIGANTS UNDER BOUNDABY FRICTION*

P

By E Heidebroek and E. Pietsch
I. INTRODUCTION

,The numerouns reports (references 1, 2, 3, 4, 5) of
the Fuel Research Laboratory of the Dresden Engineering
School, on the condition of o0il films between lubdricated
surfaces of a variety  of shapes have shown a consistently
increasing need for the study of the conditions of what
is termed the "boundary friction," which, conrnsidered on
the basis of hydrodynamics, seems to occur much more fre-
quently than the condition of "free floating friction"
produced by a particular flow process. By "boundary fric-
tion," in this instance, is meant the real lubricating
condition between nominally smooth surfaces in which the
sliding or rolling surfaces attain a degrec of contact
for the contact surfaces to exert a strong influence on
the entire lubricating film. This influence is princi-
prally an orientation effect on the molecules. This, along
with the existence of irregularities on the surfaces that
are large relative to the film thickness, makes the hydro-
dynamic laminar-flow dynamic-viscosity theory inapplicable.

Considering that surface. roughness - can seldom be re-
duced below 2 microns by engineering methods, the condi-
tion of boundary friction must occur with all rolling sur-
faces of poor finish and shape. Even with carefully con-~
structed journal bearings this condition exists in the
region where the lubricating film is thinnest.

Physico-chemical résearch has already furnished con-
siderable data on the conditions in the boundary layers
and the attendant polar orientation effects. At present,
the provlem of determining the magnitude of the adhegive
forces of the 0il molecules with simple apparatus is be-
ing studied; and tne development of the concept of vis- -
cosity as. being a measure of the internal friction in

*“Untersuchungen uber den Schmierzustandﬂin der Grenzreib-
urg." TForschung, vol. 12, no. 2, March-April, 1941,
pp. 74-87. . .
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relation to the molecular stricture of the oil is under
way. Incompletely understood.thermodynamic processes are
also involved, since every transfer of force between .lubdri-
cated surfaces:is accompanied by ‘energy transformations
(irreversible), which are of considerable strength com-
pared with the small extent of  the’ lubricating film, and
whose exothermic nature, that is, release of heat, is far
from being understood.

Numerous observations of such lubricating processes
within range of boundary friction on journal bearings
(reference 6) and gear tooth profiles (reference 7) have
strengthened the supposition that it should be possible
to study the attendant phenomena with engineering methods
and equipment. These considerations formed the basis of
the present studies, which have led to the discovery of
relat ions governing the suitability of bearing surfaces
and the concept of "lubricating quality."

II. PROBLEMS

The path of an element of area on oine surface moving
relative to -another is made up of two principal types of
motions; hamely, tangential and normai, with respect to.
the other'éurfaca}‘-A thin lubdbricating film of orientated
molecules is then subject to either a shear stress or a
tension or compressive stress, or a combination of both.

By using two plane "comparative plates" pressed strong-
ly together in an oil bath, it must be possible to measure
the tensile and shear stresses accompanying tangential and
normal relative disnlacement of the plates and to determine
any relations governing the effects of materlal, oil, sur-
face condition, ete.

'II1I. EXPERIMENTAL EQUIPMENT

The layout of figure 1 was made with very simple
equlpment The base plate (a) :was a heavy steel casting
with carefully matched and polished surface, set in a
~frame (r). This plate served at the same time as ‘bottom
of a flat vessel containing the dlfferent test oils. . The
base plate itself was placed in‘an oil bath, the tempera-
ture of which was regulated by a heating resistance (w).
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The top plates (b) were made of various materials having
spefial surface treatment.  The area varied from about..
10 to 25 square centimeters, depending upon the purpose
of the test. : -

The test o0ils comprised the lubricants listed in
tadble 1. The plates (b) were fastened at several points
and linked with the scale beam of a decimal balance. By
suspension on a system of symmetrical levers a uniform
distribution of .the tensile force was obtained.

The shearing motion was produced by weights pulling
on a string connected to the upper plate over a roller (g).
The force producing the boundary film, was applied by a
weighted lever, which was always removed before the actual
measurements were made.

IV. MEASUREMENTS

The temperatures of the heating and test o0il were
taken with the two thermometers t, and %, (fig. 1).

Compressive, tensile, and shear forces were determined
by weighing the applied weight and multiplying by the lever
ratio. The friction in the ball bearing guide pulley (g)
was disregarded. Time elapsed was measured with a stop
watch. :

V. RESULTS OF TESTS

l. General observations.- While the weight-loaded
top plate was pressed against the bottom plate, covered
initially by 2 to 3 millimeters of oil, the top plate was
moved back and forth over a few millimeters by. hand. It
was found that the sliding friction was quite small, at
first, desplte 2 loading which is equal to a compressive
stress of 12.5-kg = 0.5 kg/cm®. After some time the
motlon increased rapldly and the plate sunddenly stuck.
After that, it required comparatlvely great force to sl1de
it even after removal of the compress1ve load.

The almost instantaneous change from light tangentlal
motion to "sticking" makes it seem probabdle that this pe-
eculiar "contact condition" represents & special case of
boundary friction which, by reason of a time—associated
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‘molecular orientation process of the oil, requires a -
measureable length of time before. becoming -effective.

Unless otherwise apecified

-the measurements of the

tensile and the shear stresses were always taken under

~

contact conditions.

S Tensile teét and tensileilaw

Ogztz = My = constant.~

The original plan was to determine the adhesive forces
between the plates by loading the tensile test device

with additional weights unt
ted,

il the contéct members separa-
‘I doing this it was found that the tensile forces

Pg

were a function of the time in which the separation was

allowed to take place.

the time interval ¢tg
(that is, of the oil film) was

Figure 2 shows the result
a sQuare bronze plate (50 X 50
(reference temperature 229 C).
(1/m2) are plotted against the

The hyperbolic similarity
cated that a cor:esponding law
by hundreds of experiments.

oz tg = Mg = constant[:gigi]

So the test method was modified to
the extent that a specified tensile force

Py, -was set and

required to separate the top plate,

determined.

of such a test series for
mm®) and lubricant A

The forces per unit area
separation time interval t,.
of the ensuing curve indi-
mast hold. This was proved

The law of separation is then

(1)

The separation tests represented in figure 2 always
give an egquilateral hyperbole under constant test conditions.

The constant obtained mn,

has the dimensions of dy-

namic viscosity (kg s/m?) and is termed "separation.viscosity"
since it is directly related to the viscosity as normally
measured with a viscosimeter as will be shown later on.

. 3.

Shearing test and shearing law

Ts tg = mg = coastant,

The attempt to free the plate without loading in tangen-
tial direction from the contact condition disclosed the

existence of a similar hyperbolic law,

'welght P exerts,.

S

contrary to Newton's law

since the tension
= m dv/dy

a suddealy inciplent sllding motion only after a we11~

defined time interval tg.
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Filgure 3 shows the results of the shearing test on a
~-round -steel -plate - (55 mm dianeter). and oil . C _at .t = 20° C.
The shearing stress Tg(ke/nm®) was plotted against the
loosening interval tg(s), which again afforded the hyper-
bolical ‘curve. - In more than 100 duplications of this test
under contact condit1ons and constant temperature, the
equation .

Tg tg = Mg = qons;ant Lkigi] - (2)

(shear law) applies.

Hére also the equivglence with the dynamic viscosity
could be proved; hence this constant is properly termed
"shear viscosity mng."

4., Compression test -and compression law O0g tg = mg =
constant.~- These tests were intended to show how the con-

tact-producing time varied with the contact load Pg.
Tests with a steel plate 55 milllmeters in d1ameter gave

a2 similar law of the form

ca tqg = mg = constant Lgigﬁl : (3)

The constant my 1is called the "contact-producing viscosity."

5. Extension of separation and contact-producing tests.-
The tests were made to investigate the case in which the
compression load is removed and the separation tensile load
is applied before the contact condition is reached. Quan-
tities discussed relative to tests under these conditions
are primed, Comparative tests, at constant temperature with
several compressive loads and load application time, show
a relationship between separation viscosity m!', and com-
pression viscosity m';y.

For each compressive load P! a curve of ! the
separation time, 1s plotted againsg t'd, the compressive
load application time (fig. 4). The compressive loads
varied from 2.85 to 24.1 kilograms. A4ll the curves ter-
minate in the "contact line,” proving once again that the
contact condition is attainable with any compressive load.
(The index ' signifies that the measurements did not
result from the final contact condition.)
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_ "But oncé the contact condition is reached the loading
-weight and the loading period producing it have no -effect
on the subsequent separation and ahearzng tests.

The data of figure 4 is replotted in figure 5, showing
the relationship between the compressive load application
time t'3 and the compressive load P'3 which give a
-constant separation time +t'!', when a 2 kilogram separation
force is used. The separation time t', is the parameter
of the family of curves in figure 5. Since the separation
force was kept constant P', = 2 kg, the separation viscos-
ities m', are directly proportional to the separation
times t',(n', = , P',/F = const.). Corresponding to
each n!, value is an oil film thickness that exists when
the separatlon load is applied. Since for each mn', there
is one %', then t', corresponds to the same oil fllm
thickness. The plots are therefore P'3 versus t'g for
constant 0il film thickness. JFrom the shape of the curves
the hyperbolic law is seen to apply and, therefore,

o'y ttg = m'g = function of o0il film thickness at constant
temperature. Similarly, it appears reasonable to write

Ot, t'y = ¥y = function of film thickness at constant tem-
perature. So, if a relationship can be established between
the average oil film thickness and n'z or m'y this ap-
paratus can be used to compare oil film thlcknesses in
cases where the roughness protuberances on one surface are
close to those of the other.

Figure 7 shows the m', values against the mn'g
values for this test series. It was found that the com-
pression viscosities m'g are always greater than the ‘sep-
aration viscosities m';. In other words, since mn'g 1is
greater than n'z ‘a greater force is necessary to produce
a given 0il film thickness in a given time than to separate
the surfaces in the same length of time starting with the
same film.thickness. This indicates that the process of
ccmpression is not strictly the reverse of separation.

It should be noted that in the tests corresponding
to figure 4, etec., the difference in plate spacings was
no more than a few microns as determined by means of a
lever gauge (l1p= 1 mm deflection).

‘For film thicknesses greater than those corresponding
to the contact condition there is no time lag between the
application of a shearing stress and the resulting slipping.
There sliding velocity is probabdly not the one predicted by
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- the ordinary viscosity law Tg ='m dv/dy where m 1is

the dynamic ‘viscosity . v. is the- -8lip velkocity,-and - -y-

is the film thickness. Therefore. in contradistinction

to the compression and separation law the shear law holds
for contact condition only. : - : :

6. Va11dity of 1aws set down by equations (1) to (3),.-
The separation law (equation. 1) holds, as has been proven,.
within very wide limits, Tests with tensile forces Py

;0f the order of magnitude of only a féew grams took several

days. for the separation to occur. On the other hand, the
same-film. thickness supported as much as 50 kilograms for

-a short period of time,

The compression law is also universally applicable
as long as the compressive forces are in the position to
overcome the buoyancy of the oil. Two plates - one on
top of the other -~ left in the 0il bath, reached the con-
tact condition by themselves after days or weekss; while
very great compressive forces were regquired to obtain the
contact condition in a short time,

The validity of the shear law could be proved only
for applied forces greater than some minimum value of Pg.
But it is assumed that the contact condition can be broken
by shearing forces less than this minimum Pg in accord-
ance with equation (2), in which case the applied force
will be too small to show a perceptible slip. This could
be shown by allowing the small shearing load to be applied
for a2 length of time given by egquation (2) and then in-
creasing the load above the minimum Pg. Slip started im-
mediately, showing that the first small load had broken the
contact condltion.

7. Contact. -condition and cohesive forces.- That the
contact condition is marked by exceptionally great cohe-
sive forces between the contact plates was proved by the
following experiment: After pressing the contact plates
together the shear test in which outside forces act only
in tangential direction was initiated. The travel of the
movable plate -was restricted to 2 to 3 millimeters by a

-stop, a distence too small to permit an.oil-wedging effect
-to-move the plates farther apart. Just as soon as the

contact condition was broken by-the shearing load, a ten-
sile load was applied and the separation viscosity mn,
determined. In every instance, a _drop of about 35 percent
of the my values compared to the m, taken from.the.
contact condition was obtained. ’
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This Seems to indicate that the 0il film moleculsar _
orientation characterizing the contact condition and hence
the nature of the contact itself is changed by the shear-
ing motion. The particular.kind of orientation responsi-
ble for this contact condition remains’'a problem for re-
search in molecular physics. Theoretically it has been
established by Hardy (reference 8) that such orientation
lasts a certain time (up. to one hour).

B. Scatter of test points.- Because of the crude lab-
oratory apparatus in use it had been originally intended
to design a special precision .instrument after the prelim-
inary tests, to assure a greater degree of accuracy. 3But
the small amount of scatter of the test points in the
first tests prompted the continuation with the present
eguipment.

The scatter of the test data Is attributable to minor
temperature fluctuations, vibrations,and slight dust im-
purities in the o0il film. In addition, the relative posi-
tion of the surface protuberances (roughness) on the con-
tact plates was not always the same for different tests.

This resulted in-a different 0il film thickness distridbution.

VI. SEFARATE INVESTIGATIONS

1. Bffect of surface condition.- From the foregoing
it is readily .apparent that the condition of the contact
surface has an effect on the separation tests. The size
of the surface protuberances will depend upon the degree
of finish given to the surfaces. The ‘average oil film
thickness between/plates in contact will be greater for
rough surfaces than for the smooth ones.

Assumlng, accordingly, that each average film thicke-
ness defines a certain m'yz .or mn'g value, it follows
separation and compression visc¢osities are greater for
smooth surfaces in contact than for rough ones. -A simple
experiment proved this assumption in every respect. The
separation viscosity of a steel plate under constant oper-
ating conditions was obtained, taken as an average value
from ten separate tests, starting with finely eneried
surfaces. In succession the surfaces were treated with
coarse emery paper, filed with a smoath file and lastly
with a rough file, and an average separation viscosity de-
termined for each case. The results (average values)
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. which show the effect of the surface finish plalnly. are

complled in figure 8.

A serles of tests with silicon and steel: plates of
different degrees of roughness as measured by the Schmaltz
light~intersection method (reference 8) déveloped by the
Zeiss company revealed that an average roughmness of 2u
produced s measurable difference in separation viscosities
TNy (fig. 9), and certain relations governing the surface
effect between roughness and separation viscosity are ob-
servable notwithstanding the scattering of the test points.

With the dependence of m, on surface roughness known
for a reference 0il the: separatlon viscosity determination
gives a method for estimating the surface roughness of any
pair of plates of material similar to those for which a
calibration has been made,

2. The effect of matching surfaces and lubricant.-
The important question of surface material in lubricant
matching, sliding, and rolling processes igs fundamental
in the problem of lubrication. Although the importance
of this point has been known for some time, our present
state of knowledge is largely empirical.

Froceeding from the conception -that the effect of the
0il in the lubricating boundary is not a specific property
of the o0il but is due rather to the interaction between
the bearing surfaces and the lubricant, the effect of vary-
ing the bearing surfaces with a given oil should be notice-
able in the separation viscosity measurements. With this
in mind, a large number of tests with a variety of contact
plates was made, the results of which are reproduced in
figure 10. A great deal of difficulty was experienced in
preparing these surfaces to the same degree of roughness
so that this factor would not influence the results. So,
after machining the surfaces they were polished for some
time by hand with a finest emery paper, although it should
not be assumed that this treatment results in identical
surface for all materials. '

Because of the susceptibility of such comparatively
coarse experiments to surface .roughness and oil film
temperature fluctuations which is appreciable in the
room temperature range (figs. 15 to 18), this effect was
removed by tests similar to those plotted in figure 9
(test temperature 45° ¢).
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The effect of thé contact-surface material is evident,
The experiments should be continued in- order to establish
e correlation between the practical behavior of a material
in service and its separation viscosity. This would af-
ford a simple test method for. suitable 1ubr1cant surface
matching whlch would be of the greatest 1mportance 1n_
practlce. ‘ -

3. Effect of size of upper contact surface.~ A com-
parison of the separation viscosities measured for iden-
“tical plates of different surface area indicates that the
separation viscosity per unit contact area is independent
of the surface area as long as any one edge length (or
diameter for round plates) does not assume too low a value.

Figure 11 shows, by way of illustration, the separa-
tion viscosity per unit area m, plotted against the unit
separation force 0z = P,/F for identical square plates of
50, 40, 30, and 20 millimeters edge length. Whereas the
My data for the 50 and 40 millimeters lengths are practi-
cally identical and show little difference, even for the 30 X
30 squaremillimeters plate, the m_  value for the 20 milli-
meters plate 1s considerably below them. The explanation
for this is that the apparatus is not sensitive enough
when smzll forces are involved, and also that then some
plate~edge effect exists which becomes appreciable when
the ratio of plate perimeter to plate area exceeds a
certain value. This edge effect is probaoly a zone of
_ lower cohesive forces,

If, as indicated in figure lla, this zone of lower
cohesive forces is b, (mm) wide, and the plate edge 1ength
is a (mm), then the area of this zone is F, = 4(ab,~ b7).
The remaining plate area is (a2-4(abd —,ﬂ?). The ratlo of
better cohesive force area to area of lower cohesive forces
is

aa . .
=
4(ab;, -b,%)

from which it becomes apparent that (at constant width b )
the effect of the edge zone 1ncreases continuously with
decreasing contact area (a2). :

For this reason the separation law 0g tg = constant
was confirmed for contact plates of various sizes, except
that the constant factor n, for very small plates is
different from those measured for large plates.
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laver
: The fact . tlat.for sufficiently,contact plates the
" separation viscosities my Oor 1jg “hdve constant values
independent .of the plate area precludes the hydrodynamic.
interpretation of the separation process as a "flow
phenomenon; " althougl it does apply to cases where the
separation between plates ig very large. The integration
of o )

P = EgL-QF! R* Séﬁmbel-mrerltng law)

with respect to time, gives for the contact compression
t ime :

i
3
i
j
.’z»? '

3/4 BR®? n

N i it cegp e et e g

o h2

but as it retains the factor of plate size, its application
cannot bPe extended to cases where the contact conditions
occur.

[ g e {

4, Effect of temperature and type of lubricant.
(Relatlon to dynamic viscosity m) With an apparatus
similar to figure 1 using a steel contact plate, a number
of oils were tested in separation and shear at various
temperatures. The measurements were not begun until tem-
perature equilibrium was considered established between
the upper and lower plate and the oil; so that it could
be safely assumed that the dynamic viscosity of the oil
in the lubricating film between the plates was the one
corresponding to the temperature measured and plotted in
figures 12 to 18,

When plotted against temperature the m, and mng
curves show the same characteristics as does the dynamic
viscosity. The results merely differ from m by a con=-
stant factor ¥ = mz/m or Vg = mg/m so that the test
points of both series could be Aimmediately applied at the
same scale to the viscosity curves of figures 12 {0 18.
The order of magnitude of m, or mg differs, apart
from a numerical factor, from m by the dimension 10°,

The separation and .shearing viscosities are propor-’
tional to the dynamic vigcosity and in this respect the
apparatus used is a new viscosimeter. -

The dimensionless temperature correlation factors,

Wz and VY (separation and shear factors) are constant
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for each 01l but vary from oil to.o0il.. They may serve as
characteristic ‘numbers by which a contact system (top
plate - ooundary layer - bottom plate) .can be rated.

" That the separation and shear1ng V1scosit1es depend
on factors other than the dynamlc viscosity .can be readily
proved by measuring m, and for two different oils
at temperatures that make their respectlve dynamic viscos-
ities equal. It was found that .m, and m, differ mark-

edly accordlng to the type of 011 in Splte of the equal
viscosities. The date by Buche (reference 9) concerning
the different action of oil samples of similar viscosity
are readily conf1rmed.

5, Correlation of separation and shearing vigcosities,-

The test data of figures 12 %o 18 can be combined into

one relation

. Vg
Vv =
Vs
FPor reasons of comparison, factor V' was ngéted’tb
m. 4+ 1
YV = 2 o ____
Mo
whence | o —- o
e ?& -2
\‘js '
with v and ‘'m, assuming the values as fpllows:
011 A B ¢ D B F F, -| Mean
: .. | value
v |15, 16.3 15,4 16  |15.4~ 15,9 [16.25 | 15.75
m,| 0.154 0.140 ] 0,149 ] -0.,143 0.149 0.144| 0.140 0.146
Since VY, and W are characteristics for tensile and shear

stresses of the oil, a comparlson with corresponding fae-
tors of SOlld bcdles can be made.

A simllar formula for’ solid isotropic bodles is

]
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where .E 1s Young's modulus and G the shear modulas.

The dimensionless quantity m (Poisson's ratio)
ranges between 3 and 4 and: ~amounts to about 10/3 for met~
als, according to Bach (reference 10).

Hence tpe following ;nferences:‘

‘Roughly approximated, the .m; values are comparable
with Poisson!s ratio m. The ratio between tensile strength
and shear strength of viacous 0ils under contact conditions
is several times greater than that for solid bodies. In
the latter "the orientation of the crystals is fixed; in
liguidsg it is flexible and under contact conditions assumes
a4 form which is similar to the state of "fixed structure!
as applied to materials of highly plastic molecular proper-
ties. . .

The extent of the validity of this relstion to other
viscous fluids (Newtonian fluids) or colloidal mixtures,
etc., remains to be demonstrated.

Por the oils in guestion, the VvV and my, values
are fairly close together; subsequently tested oils showéd
greater differences. '

Various researchers, such as Debye and Eyropoulos
(references 11, 12) ascribe guasi-crystalline properties
to the viscous films on the basis of dielectric investiga-
tions. The relations obtained in this work on the strength
of thin 0il films in surface contact argue in favor of such
a concept and permit, in a certain sense, the application
of conventional strength considerations of solid substances
to the strength of oil films under contact conditions.

6. Behavior of sgrease in separation and shear tests.-
Experiments with greases of high consistency indicate that
for very long applications of a compressive load or for
great forces P, a contact state similar to that of oil
is reached which can be broken by the application of any
shearing or separation load, however small. . But the un-
usual amount of scatter of the test data with the present
set-up has afforded no definite 4information. It also may
be attributable to the. response o0f grease to mechanical
stresses, as is claimed by . Schroter (reference 13).
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VII. "IMPORTANCE OF THE FOREGOTNG RESULTS IN

LUBRIGATING AND WEAR PROCESSES

Attempts to define the V1Scosity of fluids or gases
by the separation of two prev1ously close surfaces go back
several years. Michell in his patent No., 364,236 of 1920
describes a devicde in which a ball is pressed flat against
the bottom of a pan filled with the test liquid and the
time of its separation from the pan into a free ball is
recorded. Similar methods are daescribed in the English
patent No. 262,539 and in U, S. patent No. 2,070,862. The
latter includes the use of flat plates. Stefan's experi-
ments (reference 17) on "apparent adhesion" may also. be
mentioned in this connection. But every one of these
methods works in the purely hydrodynamic range, that is,
they fail to continue the application of the compressive
forces for a sufficient time to produce the contact condi-
tion. They were ignorant of the relations governing the
compressive period, the compression force and separation
viscosity, and the difference beiween separation and
shearing viscosities described in this paper. (At the
release of a ball from a corresponding counter surface,
normal and tangential motions occur at the different parts
of the surface.) 4s a result only the "hydrodynamlc
viscosity" was measured.

That propertieé other than hydrodynamic viscosity are
-involved in the dimensionless factors Y, and g as ob-
tained from separation and other tests made under contact
conditions bécomes evident from a comparison of the Vg
"and 7 values in figure 19, where all values are referred
to 011 A as a unit. Admittedly, the highly viscous olls
usually have higher separation viscosities, but the ratios
of the Y,'s for different oils bears no rélationship to
the corresponding dynamic viscosity ratios. Bringing the
comparative oils to the same viscosity mn by appropriate
temperature control still gives different Y values.
These values represent a typ1ca1 constant for the oils,
and are important in those cases where the 0il film is sub-
Jject to tension, compression, and shear stresses in which
the occurrence of the contact condition is likely. .This
happens, for instance, in many rolling motions where the
rolling surface elements come to rest under contact condi-
tions, as well as in reciprocating sliding motions (piston
at dead center, etc.).
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On gear .teeth such a procegs occurs .in .the pitch

~eircle. The compression period at the time. the gear teeth
roint of contact is on the pitch .clrcle, where a pure rock-

ing motion exists, is very .short, but the compression load
is very high. . At separation the stress can. become very

high according to the law ot = constant and minute metal
particles can be torn from their bond by the 01l moleculs.

This process was qualitatively demonstrated by the
following experiment (fig. 20): S

A guided steel plunger (s) is pressed by a strong
spring (f) against an eccentric (e) connected to,shaft (w)
of a small electric motor. The: plunger serves as upper
contact surface and makes about 2000 - strokes per minute
the same as the motor. 4 base plate (g), vertically ad-
Justable, was so arranged that at bottom dead center of
the movable contact surface a very minute light slit be-
tween the plates remained. (The available apparatus made
an exact measurement of the slit impossible.) A thin oil
film was deposited on the bottom plate and the plunger
was sel. in motion. The least "m:tallic" ccnitacts were:
instantly recognized by loud knocking noises as confirmed
after the tests. Because of the smooth running of the
apparctus during the endurance test, bouncing on the bot-
tom plate was not considered to have occurred. Photoscopic
examination revealed the formation of an oil cone due to
the fact that the o0il clung to the rapidly moving plunger
up to top center where the 0il filament very often broke,
but during collapse was intercepted by next plunger stroke
before. it had completely flattened out again (figs. 21-24).

Even though the o0il strain in the lubricating film
did not altogether correspond .to the conditions of the
contact separatlon tests, the endurance run was made and
checked after every three hours of operation. Wear phenom-
ena were observed after about 20 hours, eqilvalent to -
about 2,4 X 10° separation processes. The erosion showed
in the form of a small crater on the spherical plunger
surface (fig. 25) and on the flat base plate (fig. 26).
Small, conspicuous erosion spots scattered outside of the
princ1pa1 zone, are indicative’ ‘of a gradual enlarging of

‘the crater gzone with operating period The test was run
again but this time with a flat plunger tip (2 mm diam.).

In this case cavities started after 14 hours (correspond-
ing to 1.7 X 10° strokes). (Craters formed appeared the
same as those shown in figures 25 and 26, .
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Finally, a check rnn was made in “which the plunger

~*was bounced on the base plate produc1ng a mstallic knock.

In a few seconds a sharply defined impact area was visi-
ble of about the same size as ‘the ppev1ous’er951on zone,
but in contrast to it there was marked oxidation.

The alternating tension-compression stresses on sur-
faces is very much like the usual phenomena accompanying
cavitation, and it is quite likely that, by exceeding
the vapor pressure of the oil, the formation and decay of
steam Dubbles assist in the oxidation process. Such micro-
pitting is of a different nature than F0pp1's coarse breaks
(macro- pittlng), resulting from Hertzian tensions. The
former appear where the latter do not, and are undoubtedly
caused by the oil film (references 14, 15).

If the journal in a journal bearing remains inopera-
tive for some time rotating the shaft from rest reguires
considerable force, as is observed on the large bearing
testing machine of the laboratory. TFollowing the destrue-
tion of the contact state the resistance drops immediately.
The erosion of ball bearings - "false-brineiling" so-called
in Sweden - on truck engines as a result of Jjerks during
transport on railroad cars belongs to this ciass of phenom-
"ena and so does the sensitivity of many thrust bearings to
alterate impacts.

‘Experiments intended to correlate the previously de-
veloped characteristics Yy of different o0ils with their
behavior in practical operation were next carried out on
gear wheels by means of the testing machine described by
Dietrich (reference 7), and as reported elsewhere (refer-
ence 16). By giving a gear wheel a fixed amount of lubri-
cant the 1ife of the individual oils can be determined.
For a large number of oils the life periods £~ appear

proportional ‘to «/W as a first approximation. In addi-

tion it disclosed *he notable fact that in the region of
narrowest boundary film involved here, the o0ils of great-
est viscosity manifest the lowest frictional forces and
vice versa. Important elastic properties are also observ-
able. In tests on Jjournal bearings under boundary layer
friction conditions (reference 6) the effect of matching
.shaft-oil-bearing bushing is very well shown in the varied
load capacity of the bushing. Other tests show noteworthy
properties of oils of certain structure to the effect that
high friction values are associated with low temperature
rises and vice versa.

Py
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The experiments ‘are continued on ‘a wide scale with
a large number of:’ ‘6i1s of systematic ‘molecular:-structure,

"with particular reference to the typical loading conditions

met in practice. The hydrodynamic vigcosity and the pre-
viously defined characteristics ultimately go back to the
same root, the molecular structure of the oil. Investi-
gations of the mechanical properties of materials in the
state of "fixed structure," the condition of contact, con-
stitute a valuable complement to parallel chemical-physical
research. .

'SUMMARY )

In the very narrow boundary layers between lubricated
surfaces a peculiar state of structure of the oil films
arise which gives them a quasi-crystalline property. In
this state tensile strength, compressive strength, shear -
strength, and working capacity can be determined and cor-
relations established in terms of engineering quantities,
which are important in discussing the lubricating capacity
of the tested lubricant.

Translation by J. Vanier,
National Advisory comm1ttee
for Aeronautics.
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TABLE I. SPECIMEN LUBRICANTS

| Iden- .
No.| tifi- Brand Manufacturer's Condition of lubricant
cation data label at room temperaturc (22° ¢)
1 | 0il A |Bhonania Ossag | 0il for speods over Clear, bright yecllow, low viscosgity.
‘ BC 3 1500 rpm
2 |0il B |I.G.Farbenind. | Purc hydrocarbon oil, Clear, dark brown, low viscosity.
0il I blended (cthyl ester)
3 |0i1 C |I.G.Farbenind. | Purc hydrocarbon oil, Clear, rcddish brown, low viscosify.
: 0il II blended (ethyl cstor) '
4 10i1 D |I.G.Farbenind. | Purc hydrocarbon oil, Turbid, ycllow brown oil with !
oil III blonded (sulph. com.) slightly higher viscosity - deposits
gray, opaguc liguid for somo time.
5.1 0il B |I.G.Farbenind. | Purc hydrocarbon oil Clear, honecy yellow 0il of medium
0il IV viscosity.
6 | 0il F |I.G.Farbenind. Purc hydrocarbon oil Clear, yollow brown cil with vory;
0il V hign viscosity and glucy behavior
(groat adhesive effect). 0il can
be pulled in long throads. -
7 | Oil ¥, |I.G.Farboningd. 0il of similar appearance and
0il VI bohavior as F but with even
higher viscosity.
I
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Base plate f, Connecting rods for applying

a,
b, Top plate separation load
Py ¢, Heating oil P, Separation force
d, 0il sample Pg, Shear force
g, Pulley Pg, Compression force i
f r, Frame w, Blectric resistance (heating)
{ . ) t1, t2, Thermometers ‘
rﬁé:§77 ¢, e', Position of compression loading lever
during compression and during separation
£
S and shear tests
: _ iy
[\ “= T
Separation test ! \
A

Pg

Shear test

W—

[ =220 V'

Figure l.- Diagrammatic sketch of experimental apparatus,
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Figs. 2,3,4,5
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Figs. 6,7,8,9
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Figure 10.~ Separation viscosity n, of various
materials, oil 4 (table I).
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Figure 1ll.- Effect of plate size, alumlnum
vs cast iron, oil E at 45°C,
(see table I). V
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Figs: 21,22,233,24,25,26

Figure 31.- Figure 32.- Figure 233.- Figure 24.-
Lowest Medium Top Medium
position position position- position,
of of oil cone down

lunger plunger, breaks stroke

-dips up stroke away (oil

in oil). (oil from cone is
entrained plunger. pressed
with it). flat).

Figures 25,26.-
Cavities formed
on plunger and
on top and
bottom plates.
The long cracks
in the centers
are formed by

a detector
needle,

Figure 235,- Figure 26.-~
Cavities on Cavities on
plunger. base plate.
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